Wnt signaling pathways regulate proliferation, motility, and survival in a variety of human cell types. Dickkopf-1 (Dkk-1) is a secreted Wnt antagonist that has been proposed to regulate tissue homeostasis in the intestine. In this report, we show that Dkk-1 is secreted by intestinal epithelial cells after wounding and that it inhibits cell migration by attenuating the directional orientation of migrating epithelial cells. Dkk-1 exposure induced mislocalized activation of Cdc42 in migrating cells, which coincided with a displacement of the polarity protein Par6 from the leading edge. Consequently, the relocation of the microtubule organizing center and the Golgi apparatus in the direction of migration was significantly and persistently inhibited in the presence of Dkk-1. Small interfering RNA-induced down-regulation of Dkk-1 confirmed that extracellular exposure to Dkk-1 was required for this effect. Together, these data demonstrate a novel role of Dkk-1 in the regulation of directional polarization of migrating intestinal epithelial cells, which contributes to the effect of Dkk-1 on wound closure in vivo.
INTRODUCTION
In the intestine, a single layer of epithelial cells separates the luminal content from underlying tissues. Epithelial cells are constantly being replaced by a cycle of stem cell proliferation at the bottom of intestinal crypts, migration of cells toward the surface along the crypt-surface axis, and apoptosis of cells at the luminal interface (reviewed in Dignass, 2001; de Santa Barbara et al., 2003) . Restoration of the epithelial barrier after injury, for example, after mechanical wounding or under inflammatory conditions such as intestinal inflammatory diseases, is facilitated by rapid restitution of the epithelial monolayer. This process is characterized by the directional migration and resealing of the epithelial cell sheet and it does not require changes in cell proliferation (Silen and Ito, 1985) .
We identified Dickkopf-1 (Dkk-1) as a potential regulator of epithelial restitution based on gene expression changes in migrating model intestinal epithelial cells. Dkk-1 is a secreted glycoprotein that has been demonstrated to act as a potent inhibitor of the canonical Wnt/␤-catenin signaling pathway (Glinka et al., 1998; Fedi et al., 1999) . Dkk-1 competitively binds to the low-density lipoprotein receptor-related protein (LRP) family of cell surface receptors, which results in the degradation of cytosolic ␤-catenin and the silencing of T cell factor (TCF)-mediated gene transcription (Bafico et al., 2001; Semenov et al., 2001) . It has been shown that Dkk-1 plays a crucial role in many biological processes, ranging from the induction of anterior mesoderm formation and head development during embryogenesis to bone formation and bone mass regulation in adult organisms (reviewed in Niehrs, 2006) . However, relatively little is known about the importance of Dkk-1 in epithelial homeostasis. Previous reports indicate that epigenetic silencing of secreted Wnt inhibitors, including Dkk-1, is a common occurrence in inflammatory bowel disease and colorectal cancer (Gonzalez-Sancho et al., 2005; Aguilera et al., 2006; Dhir et al., 2008) . Conversely, adenoviral overexpression of Dkk-1 in adult mice inhibits intestinal epithelial cell proliferation and leads to severe tissue destruction in ileum and colon (Pinto et al., 2003; Kuhnert et al., 2004) . In addition, Dkk-1 has been identified as an important mediator of inflammation and is induced by proinflammatory cytokines such as tumor necrosis factor (TNF)-␣ and interferon-␥ (Gollob et al., 2005; Diarra et al., 2007) .
In this report, we provide evidence that Dkk-1 at physiological concentrations inhibits the restitution of small epithelial wounds without altering proliferation. We observed that the Wnt inhibitor is rapidly secreted from migrating epithelial cells and inhibits cell migration by attenuating the directional polarization of leading edge cells. Directional orientation of migrating cells is a tightly regulated, multistep process that is initiated by the localized activation of Cdc42 at the front of the cell (Stowers et al., 1995; Nobes and Hall, 1999; Etienne-Manneville and Hall, 2001 ). This, in turn, leads This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09 -05-0415) on September 23, 2009. to the recruitment and activation of a polarity complex containing Par6 and protein kinase C (PKC) at the leading edge Hall, 2001, 2003) . Consistent with this model, we observed that Dkk-1 induced an increased, mislocalized activation of Cdc42 and the displacement of Par6 from the front of the migrating cell sheet. Furthermore, we saw an aberrant distribution of the microtubule organizing center (MTOC) and the Golgi apparatus in the presence of extracellular Dkk-1.
In light of these observations, we propose a previously unknown role of Dkk-1 in the regulation of epithelial restitution. Rather than altering cell proliferation, low concentrations of secreted Dkk-1 influence resealing of the epithelial monolayer by inhibiting cellular orientation, thereby attenuating cell migration.
MATERIALS AND METHODS

Cells
Human intestinal epithelial Caco-2 cells, as well as mouse 3T6 fibroblasts, were grown in DMEM medium supplemented with 10% fetal calf serum and 1% antibiotics. Intestinal epithelial cell (IEC)-6 primary rat intestinal epithelial cells were grown in DMEM with 5% fetal calf serum, 2 mM glutamine, and 0.1 U/ml insulin. Cells were maintained in a humidified incubator with 5% CO 2 .
Reagents
Primary antibodies were purchased from the following companies: Dkk-1 (Novus Biologicals, Littleton, CO), PKC/ pT410/403 (Cell Signaling Technology, Danvers, MA), M30 (Invitrogen, Carlsbad, CA), GM130, Rac-1 (BD Biosciences, San Jose, CA), ␥-tubulin, Par6 (Abcam, Cambridge, MA), Cdc42, PKC (Santa Cruz Biotechnology, Santa Cruz, CA), and ␤-Actin, ␤-catenin (Sigma-Aldrich, St. Louis, MO). In some experiments, an inhibitory Dkk-1 antibody at a concentration of 20 g/ml (R&D Systems, Minneapolis, MN) was added to cells. Human recombinant Dkk-1 (rDkk-1; R&D Systems) and mouse rDkk-1 were used in the experiments. Recombinant murine Dkk-1 carrying the Strep-tag (Schmidt and Skerra, 2007) was prepared by refolding of inclusion bodies expressed in Escherichia coli, followed by purification via streptavidin affinity chromatography and gel filtration. Based on preliminary studies, rDkk-1 was used at a concentration of 100 ng/ml, unless indicated otherwise. Medium or mouse rDkk-1 protein buffer (100 mM Tris-HCl, 0.5 M NaCl, 1 mM EDTA, and 0.1 mM lauryl maltoside) at appropriate dilutions were used as control. Dkk-1 small interfering RNA (siRNA) was obtained from Santa Cruz Biotechnology and transfected using TransIT-siQUEST (Mirus Bio, Madison, WI). The green fluorescent protein (GFP)-Wiskott-Aldrich syndrome protein (WASP)-GTPase binding domain (GBD) construct was produced as described previously (Kim et al., 2000) and transfected into cells with Lipofectamine 2000 (Invitrogen) by using standard protocols. An empty enhanced (e)GFP-encoding plasmid was used as control. Only cells with a low to intermediate expression level were regarded for analysis, because overexpression of the WASP-GBD construct causes cell death. For quantitative analysis, areas of fluorescent signals in flattened z-stacks of 10-m thickness were measured using ImageJ software (National Institutes of Health, Bethesda, MD). Leading edge or lateral membrane association was assumed when the signal was within 5 m of the cell border.
Wounding of Epithelial Monolayers
Before all functional assays, postconfluent cells were starved overnight in serum-reduced Opti-MEM medium (Invitrogen). For Western blot and microarray analysis, confluent monolayers grown on tissue culture plastic were scraped 10 times horizontally and vertically by using a 20-l plastic pipette tip attached to low suction to induce migration in the majority of cells. For immunofluorescence staining and functional assays, cells grown on collagencoated glass coverslips or tissue culture plastic, respectively, received one linear wound. Wounded monolayers were washed once with phosphatebuffered saline (PBS) to remove detached cells and debris, and incubated with the appropriate stimuli in medium. For cell migration experiments, the rate of migration was determined by measuring the entire wound area immediately after wounding and at the indicated time points, and by normalizing to the control condition.
Western Blot
Cells were scraped into radioimmunoprecipitation assay lysis buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, and 50 mM Tris, pH 8.0) containing protease and phosphatase inhibitors (Sigma-Aldrich), sonicated, and cleared by centrifugation. Protein concentration was determined using a bicinchoninic acid protein assay, and samples were boiled in SDS sample buffer with 50 mM dithiothreitol. Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis (PAGE), and transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with 5% (wt/vol) dry milk or bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20, and incubated with primary antibodies in blocking buffer overnight at 4°C. Antibodies were detected using horseradish peroxidase (HRP)-linked secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) and chemoluminescent substrate (Denville Scientific, Metuchen, NJ). All bands were normalized to actin loading control, or GTPase input in the Cdc42/Rac-1 pull-down experiments. In PKC activity assays, total PKC levels were assessed as an additional internal control.
Immunofluorescence and Live Cell Microscopy
Cells grown on coverslips were fixed/permeabilized with either 100% methanol or ethanol at Ϫ20°C for 20 min or in 4% (wt/vol) paraformaldehyde for 10 min followed by 0.5% (vol/vol) Triton X-100 for 5 min. Cells were then blocked with 3% (wt/vol) BSA for 1 h and incubated with primary antibodies overnight at 4°C. After incubation with fluorophore-labeled secondary antibodies (Invitrogen) for 1 h, nuclei were stained with ToPro-3 iodide (Invitrogen), and coverslips were mounted in p-phenylene. Images were taken on an LSM 510 confocal microscope (Carl Zeiss, Thornwood, NY) with Plan-NEOFLUAR 100ϫ/1.3 oil, 40ϫ/1.3 oil, and 10ϫ/0.3 dry objectives, by using software supplied by the vendor. For live cell microscopy, medium was changed to CO 2 -independent medium (Invitrogen), and images acquired on an Axiovert 200M inverted microscope (Carl Zeiss) with a Plan-NEOFLUAR 20ϫ/0.5 dry objective. The recording area was equilibrated to 37°C before each experiment using a heated cabinet and heated stage (Brook Industries, Lake Villa, IL). An AxioCam MRc5 camera (Carl Zeiss) and Axiovision 4.6 software supplied by the vendor were used to record movies, which were postprocessed using ImageJ software. Cells were tracked using MetaMorph (Molecular Devices, Sunnyvale, CA), by following multiple representative nuclei at the leading edge of the monolayer. For calcium release studies, confluent cells were pre-incubated with rDkk-1 (100 ng/ml) or buffer for 1 h, washed with Hanks' buffer, and loaded with 2 M fluo-4 acetoxymethyl ester (Invitrogen) or dimethyl sulfoxide (DMSO) control, according to the supplier's recommendations. Cells were then wounded in situ, and movies recorded immediately after wounding.
Assessment of Directional Orientation, Proliferation, and Apoptosis
To determine the directional orientation of epithelial cells after wounding of confluent monolayers, MTOC and Golgi apparatus were visualized essentially as described previously (Etienne-Manneville and Hall, 2001) . In brief, cells were prepared for microscopy using anti-␥-tubulin (MTOC) and anti-GM130 (Golgi) antibodies, with nuclear counterstain using ToPro-3 iodide. MTOC and Golgi within a 90°angle facing the wound edge were considered correctly oriented. At least 100 MTOC and Golgi stacks were assessed per experiment and data point. Only cells within 150 m of the wound edge were included in the analysis. For quantitative analysis, only the orientation of the MTOC was considered, except for experiments with IEC-6 cells. In the same experiments, proliferation and apoptosis were assessed by counting noninterphase and pyknotic nuclei, respectively. A minimum of 40 images per condition from three or more independent experiments were analyzed. In some experiments, zVAD-fmk (Promega, Madison, WI) at a concentration of 20 M or DMSO carrier was added to monolayers to inhibit caspase activation. Proliferation was additionally assessed in a 5-ethynyl-2Ј-deoxyuridine (EdU) incorporation assay, by using a Click-iT EdU Alexa Fluor 488 cell proliferation assay kit (Invitrogen). Scratch-wounded cells were treated with rDkk-1 (100 ng/ml) or control overnight before addition of 10 M EdU for 2 h. At least 1000 nuclei were analyzed per experiment and data point.
Dkk-1 Protein Enzyme-linked Immunosorbent Assay (ELISA)
To assess Dkk-1 secretion by epithelial cells, cleared supernatants were analyzed by enzyme-linked immunosorbant assay using mouse anti-Dkk-1 primary and biotinylated goat anti-Dkk-1 secondary antibody (both from R&D Systems). Recombinant Dkk-1 was used as standard. Streptavidin-HRP was used to detect antibody complexes.
Cdc42/Rac-1 Pull-Down Assay
Cells were washed and scraped into MLB lysis buffer (Millipore, Billerica, MA) containing protease and phosphatase inhibitors. Then, 900 g of protein per sample was incubated with 20 g of PAK1 PBD agarose beads (Millipore) for 1 h at 4°C. Beads were washed twice with lysis buffer and boiled in SDS sample buffer with 50 mM dithiothreitol. Samples were then subjected to SDS-PAGE and blotted with an anti-Cdc42 or anti-Rac-1 antibody. Ten micrograms of total protein per sample was loaded as input control.
Statistics
All experiments were performed at least three times. Dunnett's or Bonferroni's post test following one-way analysis of variance, or two-tailed Student's 
Online Supplemental Video Files
Videos of migrating Caco-2 cells as described under Immunofluorescence and Live Cell Microscopy have been submitted for online publication. Movies of control (Supplemental Figure 3video1 .mov) and rDkk-1 (100 ng/ml)-treated cells (Supplemental Figure 3video2 .mov) were captured at 2 images/minute for 5 h and are shown at 7 frames/s. Representative movies of intracellular calcium release (control: supplvideo3.mov; rDkk-1: supplvideo4.mov) were captured at 60 images/min for 30 s and are shown at 7 frames/s. Calcium release in these videos is displayed in white pseudocolor.
RESULTS
Dkk-1 Is Secreted from Intestinal Epithelial Cells after Wounding
To identify potential new regulators of IEC migration, we performed a microarray analysis on confluent cells and cells that were scratch-wounded multiple times to induce cell migration. The Wnt inhibitor Dkk-1 was found to be one of the most significantly up-regulated genes in migrating cells (3.8 Ϯ 1.2-fold of stationary control; p Ͻ 0.05). Because Dkk-1 has been shown to regulate Wnt/␤-catenin signaling, and conversely, Dkk-1 is induced by ␤-catenin/TCF (Niida et al., 2004; Gonzalez-Sancho et al., 2005) , we first investigated the kinetics of Dkk-1 expression and secretion by using Caco-2 model IECs. We observed that wounding of epithelial monolayers returned the cells to a nonquiescent state with active ␤-catenin signaling ( Figure 1A ). Migrating cells with increasing distance from the leading edge, indicated as position 1 through 4 in the figure, exhibited a gradient of nuclear ␤-catenin accumulation, with a significantly stronger ␤-catenin signal in cells proximal to the wound. Consequently, Dkk-1 protein expression was rapidly induced after wounding, with peak expression occurring at 24 h (3.0 Ϯ 0.4-fold of 0 h; p Ͻ 0.01) ( Figure 1B) . By analyzing supernatants from cells under stationary (nonwounded) and migrating (scratch-wounded) conditions, we confirmed that increased Dkk-1 protein expression is reflected in an enhanced secretion of the molecule from epithelial cells ( Figure 1C ). We found that Dkk-1 was constitutively secreted by Caco-2 cells at an average rate of 421pg/ 10 6 cells/h. Furthermore, we observed that Dkk-1 release was markedly increased after wounding, with an average secretion rate of 680 pg/10 6 cells/h. A statistically significant difference in the concentration of Dkk-1 in the supernatant was seen at the 24-h time point (resting, 43.3 Ϯ 8.8 ng/ml; migrating, 85.1 Ϯ 10.0 ng/ml; p Ͻ 0.05), coinciding with a peak in protein expression.
Dkk-1 Inhibits Epithelial Restitution without Altering Proliferation
Previous reports have shown that Dkk-1 inhibits cell migration and proliferation in vitro and in vivo (Pinto et al., 2003; Qin et al., 2007; Wang et al., 2008) . Thus, to investigate whether Dkk-1 inhibits the restitution of intestinal epithelial cells, we used an in vitro cell culture model, consisting of Caco-2 epithelial cells and rDkk-1. We observed that in the presence of rDkk-1 (20 and 100 ng/ml), wound closure was significantly inhibited after 24 h (62.0 Ϯ 5.4 and 46.4 Ϯ 11.0% of control) and 48 h (75.3 Ϯ 3.2 and 57.1 Ϯ 9.1% of control; p Ͻ 0.01) ( Figure 2A and Table 1 ). This effect was reverted by addition of an inhibitory Dkk-1 antibody (24 h; 98.6 Ϯ 3.7% of control). Intriguingly, we observed that treatment of Caco-2 cells with anti-Dkk-1 antibody for 48 h increased the migration rate of these cells (139.4 Ϯ 5.4% of control; p Ͻ 0.05), suggesting that in the absence of inhibitory antibody, accumulation of secreted Dkk-1 acts to inhibit the migration of epithelial cells. To confirm that this effect is mediated by secreted Dkk-1 and not the intracellular pool of the protein, we down-regulated Dkk-1 expression and release in Caco-2 cells by using siRNA ( Figure 2B ). Under these conditions, we observed that addition of exogenous rDkk-1 significantly inhibited the migration of both scramble siRNA (45.1 Ϯ 9.1%) and Dkk-1 siRNA (52.1 Ϯ 11.2% of control; p Ͻ 0.01) treated cells after 24 h. In addition, consistent with previously published data (Qin et al., 2007) , Dkk-1 knock-down alone increased cell migration (133.7 Ϯ 5.1% of control; p Ͻ 0.05). To investigate if Dkk-1 also affects cell migration in nontransformed cells, the experiment was repeated using primary rat IEC-6 ( Figure 2C ). In agreement with our results from Caco-2 cells, we observed a significant inhibition of wound closure after 24 h when cells were treated with rDkk-1 (73.6 Ϯ 0.04% of control; p Ͻ 0.01). This effect was not caused by reduced cell proliferation in the time frame of our study, as suggested by previous publications (Pinto et Figure 2D ). This was additionally confirmed by Ki67 staining, which revealed no changes in the number non-G 0 cells in the presence of Dkk-1 (data not shown). Furthermore, the number of mitotic cells at the wound edge after 24 h was not reduced in the presence of increasing concentrations of Dkk-1 ( Figure 2E ). These observations suggest that another mechanism is responsible for the attenuated wound closure in this system.
Dkk-1 Attenuates Directional Cell Movement in Migrating Epithelial Cells
To analyze the kinetics of inhibition of IEC migration by Dkk-1, we performed live cell microscopy on migrating Caco-2 cells (Figure 3 and Supplemental Video files). Cells were examined for a time period of 5 h, to elucidate whether inhibition of migration by Dkk-1 occurs early after wounding. Interestingly, cells treated with rDkk-1 exhibited prominent lamellipodial protrusions comparable with those seen in control monolayers ( Figure 3A) . Despite the prominence of lamellipodia observed in early time points in both conditions, computer-assisted tracking of cells at wound edges by following the movement of cell nuclei revealed greatly reduced net forward propulsion of the epithelial sheet in the presence of rDkk-1 ( Figure 3B ). Movement rates were fairly constant over the observation period, indicating that Dkk-mediated inhibition of migration is an early, sustained effect. Furthermore, computer analysis of cell movement revealed that treatment with rDkk-1 resulted in randomized migration of cells along the leading edge in contrast to control cells ( Figure 3C and Supplemental Figure 1 ). 
Dkk-1 Inhibits Polarized Localization of Cdc42-GTP and Par6 in Migrating Intestinal Epithelial Cells
To understand the mechanism by which Dkk-1 attenuates epithelial restitution, we next investigated signaling molecules known to regulate cell migration. Rho family small GTPases, especially Cdc42, Rac-1, and RhoA, are critically involved in directional cell migration (Nobes and Hall, 1999; Evers et al., 2000; Fukata et al., 2003) . Specifically, Cdc42 and Rac-1 induce the formation of filopodia and lamellipodia via activation of Arp2/3, whereas RhoA directs the assembly of contractile actin-myosin filaments (Jaffe and Hall, 2005) . Additionally, Cdc42 has been identified as a key regulator of directional polarization in migrating cells (Stowers et al., 1995; Hall, 2001, 2003) . Thus, to determine whether Dkk-1 inhibits cell migration by altering Rho GTPase activation, we performed pull-down assays for activated Rac-1 and Cdc42 by using PAK-GBD beads ( Figure  4A ). We observed that 1 h after wounding, the activity of Cdc42 and Rac-1 in migrating Caco-2 cells was strongly enhanced in the presence of rDkk-1 (Cdc42, 3.3 Ϯ 0.9-fold; Rac-1, 3.6 Ϯ 1.4-fold of control). In contrast, no persistent difference in RhoA activity was seen (data not shown). We next localized active Cdc42-GTP in migrating cells by using a GFP-WASP-GBD construct (Kim et al., 2000) , because the correct distribution of active Cdc42 at the leading edge is crucial for the initiation of directional cell migration ( Figure  4 , B and C). In contrast to control monolayers, where active Cdc42 mainly localized to the leading edge of cells, Cdc42-GTP was redistributed to the cytosol and along the entire plasma membrane, including the rear of cells, in the presence of rDkk-1. No specific staining was seen when cells were transfected with an empty eGFP plasmid (data not shown). Overexpression of GFP-WASP-GBD did not alter the distribution of endogenous Cdc42, and GFP-WASP-GBD colocalized with total Cdc42 at intercellular junctions in confluent monolayers, as well as at the leading edge of migrating cells (Supplemental Figure 2) . The observation that Cdc42 activity and localization is affected by Dkk-1 suggests that Dkk-1 may inhibit the directional polarization of migrating epithelial cells. To address this possibility, we investigated the distribution of the polarity protein Par6, which is recruited to the leading edge of migrating cells by Cdc42 (Etienne-Manneville and Hall, 2001) ( Figure 4D ). Whereas Par6 localized mainly to the front of control monolayers, the protein was displaced from the leading edge in the presence of rDkk-1. In contrast, lateral membrane association of Par6 in confluent monolayers was not affected by Dkk-1. Western blot analysis revealed that protein levels of Par6 were not affected in the time frame of these experiments (Supplemental Figure 3) . Finally, we analyzed the phosphorylation state of the atypical protein kinase PKC, which is activated and recruited into the Cdc42/Par6 polar- ity complex in migrating cells ( Figure 4E ). Consistent with an increase in Cdc42 activity, we observed an increased phosphorylation of PKC after 1 h in the presence of rDkk-1 (2.2 Ϯ 0.4-fold of control; p Ͻ 0.05). The activation of Cdc42 and PKC by Dkk-1 was specific for migrating cells, because no effect was observed in stationary (postconfluent) and spreading cells (Supplemental Figure 4) . Together, these results suggest that Dkk-1 interferes with the correct assembly of the Cdc42/Par6/PKC polarity complex at the leading edge, thus attenuating directional migration.
Dkk-1 Induces Random Directional Polarity in Migrating Epithelial Cells
Formation of the Cdc42/Par6/PKC polarity complex at the leading edge drives the reorientation of the MTOC and Golgi apparatus in the direction of migration (Cau and Hall, 2005) . We therefore localized the MTOC and Golgi in migrating Caco-2 cells treated with increasing concentrations of rDkk-1 ( Figure 5A ). We observed that rDkk-1 dose-dependently inhibited the orientation of cells toward the wound, as determined by the location of the MTOC after 24 h of migration (p Ͻ 0.01 vs. control). An almost complete loss of directional polarization was seen at high concentrations of rDkk-1. This phenotype was restored by addition of an inhibitory Dkk-1 antibody. In agreement with these results, we also observed some inhibition of microtubule reorientation in the presence of Dkk-1 (Supplemental Figure  5 ). Failure to establish directional polarity was observed as early as 6 h after wounding, at which point the majority of untreated Caco-2 cells have relocated their MTOC in the direction of migration (data not shown). To assess if Dkk-1 can inhibit directional polarization of nontransformed epithelial cells, the Golgi apparatus was localized in migrating primary IEC-6 cells after 24 h ( Figure 5B ). In good agreement with the results from Caco-2 cells, directional orientation was attenuated in the presence of rDkk-1 (control, 78.0 Ϯ 3.3%; rDkk-1, 47.7 Ϯ 3.5%; p Ͻ 0.01). We further tested whether directional orientation of cells after wounding was regulated by secreted Dkk-1, by depleting the intracellular protein pool in Caco-2 cells using siRNA ( Figure 5C ). Dkk-1 knockdown had no effect on directional polarization in response to incubation of cells with rDkk-1 protein. Although the role of Dkk-1 on epithelial cell polarization has not been investigated thus far, a previous report has shown that the protein does not affect the directional migration of fibroblasts (Schlessinger et al., 2007) . Thus, to determine whether the observed effects are cell type specific, we repeated the above-mentioned migration and polarization experiments with a mouse fibroblast cell line. In agreement with the study by Schlessinger et al. (2007) , the directional orientation of 3T6 cells was not altered in the presence of rDkk-1 (Supplemental Figure 6A ). Furthermore, the rate of cell migration was equally unaffected by Dkk-1 (Supplemental Figure 6B) , suggesting that the underlying mechanisms may have cell type-specific differences. The above-mentioned observations indicate that Dkk-1 inhibits epithelial cell migration by affecting early events during directional cell polarization. To investigate this idea, we added rDkk-1 at different time points after wounding, and we determined the rate of migration after 48 h ( Figure 5D ). Confirming our hypothesis, we observed that rDkk-1 only inhibited cell migration if applied within 1 h.
Loss of Directional Polarization Is Not Caused by Induction of Apoptosis
It is conceivable that loss of directional orientation in the presence of Dkk-1 is secondary to induction of cell death. The directional orientation of migrating primary IEC-6 cells was determined by localization of the Golgi apparatus after 24 h. rDkk-1 (100 ng/ml) significantly inhibited directional polarization (*p Ͻ 0.01 vs. control). (C) Caco-2 cells transfected with scramble or Dkk-1 siRNA were allowed to migrate for 24 h in the presence of buffer or rDkk-1 (100 ng/ml). Dkk-1 knockdown had no apparent effect on directional polarization. *p Ͻ 0.01 versus control. (D) Rate of migration of Caco-2 cells after 48 h was analyzed when rDkk-1 (100 ng/ml) was added at different time points after wounding. *p Ͻ 0.01; **p ϭ 0.05 versus control.
Indeed, Dkk-1 has been found to induce apoptosis in a variety of cell types (Peng et al., 2006; Mikheev et al., 2007; Kwack et al., 2008; Weng et al., 2009) . We therefore examined whether Dkk-1 can promote cell death in intestinal epithelial cells and whether loss of directional orientation is a result of apoptosis induction. We observed a dose-dependent activation of caspase-3 in migrating Caco-2 cells treated with rDkk-1 for 1 h ( Figure 6A ). We also found significantly increased numbers of apoptotic cells at the leading edge of migrating Caco-2 monolayers after 24 h of treatment with high concentrations of rDkk-1 (control, 9.3 Ϯ 1.0; 160 ng/ml, 20.6 Ϯ 7.7; 1 g/ml, 25.6 Ϯ 6.5 apoptotic cells/mm 2 ; p Ͻ 0.01) ( Figure 6B ). To determine whether caspase activation and apoptosis induction are the underlying cause of loss of directional polarization, migrating Caco-2 monolayers were concomitantly treated with rDkk-1 and the pan-Caspase inhibitor zVAD-fmk for 24 h ( Figure 6C ). Despite effective inhibition of apoptosis at the leading edge, cells treated with rDkk-1 still failed to establish directional polarity. These findings suggest that apoptosis induction is not responsible for lack of polarization of migrating IECs.
DISCUSSION
Epithelial restitution requires the controlled, directed migration of coherent cell sheets into the denuded area. In this report, we identify the secreted Wnt inhibitor Dkk-1 as a novel regulator of epithelial cell migration. Dkk-1 attenuates cell migration in both transformed and primary intestinal epithelial cells, which is caused by a failure to establish directional polarity after wounding of the monolayer. In previous studies, Wnt signaling has been identified as a positive regulator of cell migration (Ouko et al., 2004; Endo et al., 2005; Cheng et al., 2008; He et al., 2008) . However, the role of secreted Wnt inhibitors in the modulation of cell motility is less well understood. Dkk-1 expression is controlled by the canonical Wnt pathway through ␤-catenin/ TCF4 and is down-regulated in confluent, postmitotic Caco-2 cells (Gonzalez-Sancho et al., 2005; Saaf et al., 2007) . Consistent with this model, wounding of the epithelial monolayer returned the leading edge cells to a nonquiescent state with active ␤-catenin signaling, and consequently, led to the induction and secretion of Dkk-1. Interestingly, we saw a similar increase in Dkk-1 in mucosal sections from chronic inflammatory bowel disease patients (Supplemental Figure 7) . This agrees with a previous report showing that TNF-␣ rapidly induces Dkk-1 in arthritis (Diarra et al., 2007) . In the large intestine, the Dkk-1 receptors LRP6 and Kremen-1 are primarily expressed in crypt enterocytes, suggesting that these cells are primary targets of Dkk-1 during inflammation.
Because Dkk-1 is a potent Wnt inhibitor, we hypothesized that the protein can inhibit epithelial cell migration. We therefore investigated this hypothesis by using recombinant Dkk-1 protein at physiologically low concentrations. These concentrations were based on preliminary studies investigating Dkk-1 protein levels in serum samples from mice with dextran sulfate sodium-induced colitis (control, 4 ng/ ml; colitis, 16 ng/ml), and human patients suffering from Crohn's colitis (control, 8 ng/ml; colitis, 30 ng/ml; unpublished data). In agreement with previously published data (Qin et al., 2007) , we observed that exposure of IECs to Dkk-1 inhibited cell migration, and conversely, depletion of the protein using antibodies or siRNA promoted wound closure. Several distinct and interconnected mechanisms drive cell migration after wounding. These include the reorientation of leading edge cells toward the wound, forward propulsion by the organized detachment from and reattachment to the extracellular matrix, and changes in proliferation and apoptosis. Previous studies have mainly focused on the latter aspect, because ␤-catenin/TCF4 transcription targets include a variety of proteins that control proliferation, such as c-myc and cyclin D1 (for a comprehensive list of targets, the reader is referred to http://www.stanford.edu/ ϳrnusse/wntwindow.html). In good agreement with this model, Dkk-1 has been found to inhibit Wnt-activated cell replication in vitro and in vivo (Pinto et al., 2003; Kuhnert et al., 2004; Qiao et al., 2008; Wang et al., 2008) . However, restitution of small wounds is a rapid migratory process that is independent of proliferation (Silen and Ito, 1985) . Consequently, although Dkk-1 effectively inhibited IEC migration, we observed no changes in proliferation. This agrees with a recent report showing that physiologically low concentrations of Dkk-1, as used in this study, do not affect the replication of colorectal carcinoma cell lines (Zhang et al., 2009) . We therefore hypothesized that the Wnt inhibitor may regulate other signaling pathways which are involved in cell migration. Small GTPases of the Rho family are key modulators of cell polarity, adhesion, and motility, among others. Any signaling molecule that regulates the activity of these proteins may thus have profound effects on epithelial restitution. We found that exogenous Dkk-1 rapidly increased the activity of Cdc42 and Rac-1. This finding was surprising, because we and others have observed that activation of these GTPases is associated with increased migration of epithelial cells (Babbin et al., 2007; Itoh et al., 2008) . It is interesting to note that increased IEC restitution through Rac-1 requires phospholipase C␥1-induced Ca 2ϩ release (Rao et al., 2008) ; however, we did not find any changes in intracellular Ca 2ϩ release after wounding of confluent monolayers when cells were treated with Dkk-1 (control, Supplemental Video 3; rDkk-1, Supplemental Video 4). It is thus possible that Rac-1 may not regulate cell migration in this model system, or may have other functions not investigated here.
Given the above-mentioned observations, we performed experiments to localize active Cdc42 in migrating cells, because this GTPase has been identified as the initiator of directional cell polarity Hall, 2001, 2003) . We determined that Cdc42-GTP, which accumulated at the leading edge of untreated migrating IECs, redistributed randomly along the plasma membrane in the presence of Dkk-1. Consequently, in agreement with current models of epithelial cell polarization, Par6 was displaced from the leading edge in monolayers treated with Dkk-1. Furthermore, although we were not able to localize phosphorylated PKC in our cells, we observed an increased activation of PKC consistent with higher levels of Cdc42-GTP. We reasoned that interference with the correct assembly of this polarization complex should dramatically affect directional orientation of migrating cells. Indeed, the relocation of the MTOC and the Golgi apparatus in the direction of migration was significantly and dose-dependently attenuated in IECs treated with Dkk-1. Based on the results from our live cell microscopy studies, it is thus possible that the reduced net forward movement of the epithelial monolayer is caused by randomized migration of cells at the leading edge, rather than a reduced speed of migration of individual cells. Interestingly, Dkk-1 had no effect on the polarization of fibroblasts, in agreement with a previous report by Schlessinger et al. (2007) . The notion that mechanisms governing cellular orientation are cell type specific is supported by a recent study showing that in epithelial cells, both Cdc42 and Ecadherin are essential in establishing directional polarity (Desai et al., 2009) . In contrast, fibroblasts, which do not form cell-cell adhesions, may require different cues such as gradients of soluble proteins. Considering that noncanonical Wnt signaling pathways regulate directional polarity in a variety of cell types (Montcouquiol et al., 2006; Schlessinger et al., 2007; Yu et al., 2009) , it is reasonable to assume that individual secreted Wnt agonists and antagonists have discrete effects on different target cell populations within the same tissue. Alternatively, Dkk-1 may modulate noncanonical Wnt signaling, which has been previously suggested (Caneparo et al., 2007; Korol et al., 2008) .
Another mechanism by which Dkk-1 might inhibit cell migration is through induction of apoptosis. Indeed, we observed a rapid activation of Caspase-3 in migrating IECs treated with Dkk-1 and an increased number of apoptotic cells at the front of the cell sheet. However, the relatively small increase in apoptotic cells observed in this study suggests that although such mechanisms may contribute to attenuated wound closure, they do not explain the magnitude of the effect. In summary, we propose that Dkk-1 plays a key role in governing epithelial cell migration by controlling directional polarization. Our data suggest that mobilization of the quiescent epithelial monolayer by wounding causes an activation of ␤-catenin signaling at the leading edge, and the rapid movement of the cell sheet into the denuded area. We hypothesize that in the later stages of epithelial restitution, the secretion of Dkk-1 induced by ␤-catenin/TCF4 facilitates the return to a resting state by inhibiting directional orientation. This mechanism is not protein synthesis or cell division dependent, and it may thus be critical for the closure of small wounds of the intestinal mucosa, such as those caused by mechanical injury or mild inflammatory lesions. Inhibition of cell migration in later stages of wound closure could ensure establishment of the epithelial barrier and prevent continued movement of cells. In this context, it is interesting to note that epigenetic silencing of Wnt inhibitors is commonly observed in gastrointestinal cancer (Aguilera et al., 2006; Maehata et al., 2008) . We therefore hypothesize that altered Dkk-1 expression influences not only closure of small mucosal wounds but also cancer growth and metastasis.
